I
ssues of ethics and values in science and technology confront scientists in their daily work and are manifest in scientific journals and the popular media on a regular basis. Scientists not only must maintain high standards of professional ethics but also are expected to expand their professional role as experts on a wide range of issues confronting society. This expanded role may include increased communication with the general public (Garrett and Bird 2000) . Society faces many questions regarding biotechnological, medical, and environmental ethics, with far-reaching consequences for the health and welfare of individuals, groups, and the environment. Furthermore, these issues often have profound philosophical aspects, challenging the most basic tenets of individual rights, the human relationship with the natural world, and the sanctity of human life (Fukuyama 2002 , McGibben 2003 . It has been strongly argued that, for a fully democratic process, it is imperative to have full representation of all groups in discussions of these matters; and members of the lay public must increasingly make decisions that require the evaluation of scientific evidence (Jasanoff 1999) . Serious consideration of a broad range of ethical issues in science and technology is needed at all levels of education, but most science courses and programs do not explore the many ways in which these issues enter into scientific pursuits. Science is often presented as an objective search for knowledge and understanding, and the practical realities that may compromise this objectivity are frequently overlooked (Zigmond and Fischer 2002) . Students may consider ethics in courses on philosophy, religion, or related humanities, but this part of their education is rarely integrated with the needs of science disciplines. Future scientists and the general public would benefit greatly from the incorporation of ethics and values in the teaching of science. The focus of this article is bioethics education at the undergraduate level, where students pursuing diverse careers are taught together.
The current state of undergraduate bioethics education
Over 20 years ago, the American Association for the Advancement of Science (AAAS) determined in a survey of its affiliate societies that "little attention and only minimal resources have been directed toward professional ethics" (Chalk et al. 1980) . In response to the lack of exposure to ethics in science programs, there have been efforts to enhance ethics instruction and promote faculty development, such as the incorporation of ethics into the National Science Foundation (NSF) Research Experiences for Undergraduates program and the offering of ethics workshops and institutes for faculty. However, most undergraduate programs that prepare students for scientific careers do not formally require an ethical component to their education. In a survey of the core requirements for undergraduate biology programs at 104 colleges and universities, not one program indicated a bioethics requirement (Marocco 2000) . Similarly, a recent survey of genetics in-structors found that only 4 percent of their undergraduate programs had a formal ethics requirement for the biology major, and only 37 percent of institutions had a broad general education requirement in ethics (Booth and Garrett forthcoming). Biology majors are not routinely exposed to the implications of science for society, including environmental, genetic, and medical ethics (McInerney 1995) , because most programs focus solely on mastery of laboratory skills and on knowledge of facts, principles, theories, and equations. Nor are future scientists and teachers systematically introduced to important issues in the professional practice of science and technology, such as scientific integrity, authorship guidelines, research ethics, dissemination of information, influence of funding sources on research, conflicts of interest, and research on animal and human subjects.
Given the large amount of knowledge that students must master in required courses for a biology degree, it seems there is little time to devote to ethical considerations in class. A survey of the attitudes of genetics professors to the incorporation of ethics into their courses found that 93 percent of instructors devoted less than 5 percent of class time to ethical issues (i.e., less than 7 minutes per week of classes), 58 percent believed this was inadequate, and 95 percent indicated that lack of time was the reason (Booth and Garrett forthcoming). We propose a new approach to undergraduate education that does not sacrifice scientific content, but rather enriches it, by integrating the study of ethics into the curriculum. This approach would have far-reaching implications:
• Improving the preparation of prospective research scientists, who will be confronted with myriad questions ranging from scientific integrity to research ethics
• Enhancing the training of the next generation of teachers, who may be inspired to integrate ethics into their own classes, thus raising awareness and understanding of ethical issues among the general public
• Increasing the scientific and ethical literacy of the college-educated citizenry by considering the intersections between societal issues and science
• Preparing better-informed legislators and other expert participants for their roles in society
• Increasing awareness among physicians and other health professionals of the importance of ethical judgments in the basic research underlying most medical advances
• Increasing understanding of scientific issues among those workers who often engage in the debates on these issues from a different perspective (e.g., clergy, social workers)
A three-tiered approach to enhance undergraduate bioethics education
While each institution must meet the challenge of incorporating ethics differently, based on its unique characteristics and graduation requirements, this broad implementation may be achieved within the existing framework of most undergraduate programs.
Tier 1: Introducing the principles. Courses in the first tier should be directed toward students of all majors. It is here that students should consider ethical, social, and political implications of scientific and technological advances and learn fundamental philosophical means for analyzing ethical issues. They should gain experience applying ethical decisionmaking theories to various issues. Shapiro (1999) and Johansen and Harris (2000) describe practical methods of ethical decisionmaking that are effective in teaching students to analyze ethical conflicts and dilemmas. There are numerous ways for institutions to incorporate a tier 1 ethics course. Several schools require students to take an ethics course for collegewide graduation requirements, typically offering several options in various departments. Some institutions incorporate ethics courses into distribution or core requirements. Others offer first-semester college orientation courses, freshman seminars, or library research and information retrieval courses with an ethics focus.
In an approach practiced successfully at Dowling College, each department develops seminars to meet the freshman seminar requirement, and students may select any seminar regardless of major. The Departments of Biology and Chemistry offer seminars on environmental issues and on topics in biotechnological and medical ethics, in which students examine high-profile or high-interest topics, engage in class debate, and write a comprehensive research paper on an issue that interests them. For example, the seminar "Long Island Environment: Past, Present, and Future" allows students who are primarily nonscience majors to become better aware of environmental issues in their own community, using these local examples as a microcosm of larger global issues. Most Dowling students are unfamiliar with the Long Island natural environment and are surprisingly unconcerned with larger environmental issues, whether because of a lack of knowledge, a belief that science and technology will find an answer, or a perception that the issues do not affect them directly. The seminar takes a historical perspective, beginning with the socioeconomic importance of agriculture and of the maritime industry. Through a strong field component, students learn about the biology of marine organisms and about the multiple causes of the decline of the maritime industry, including overharvesting and the natural and human-induced changes in the physical, chemical, and biological characteristics of the estuaries. For example, in a field and laboratory investigation, students learn about the biology, ecological importance, and medicinal benefits of the horseshoe crab, and visit nearby coastal areas to see the shocking loss of habitat for this species caused by extensive construction of bulk-heads. The worldwide decline of this and other species is explored, and the larger issues of land use, development, population growth, overharvesting, and pollution take on more importance as students begin to understand the science and policy firsthand. Outside of class, they have the opportunity to contribute scientifically to the ongoing Long Island Horseshoe Crab Network or the Fire Island National Seashore monitoring program.
A different curricular model has been adopted at Hamilton College, where all sophomores are required to take a seminar that is inter-or multidisciplinary in nature. These courses are taught by two or more instructors who bring their disciplinary perspectives to a topic of broad appeal. One very successful seminar, "Forever Wild: The Cultural and Natural Histories of the Adirondack Park," has been taught by members of the biology, chemistry, English, and government faculty. The course encompasses aspects of the history, geology, biology, literature, art, government, and sociology of this famous park, the oldest in the United States. As Hamilton College is located only about 20 miles south of the park, students are often familiar with the region, and those who are not can gain personal experience through the required field trips. In this course, students are exposed extensively to the interactions of science, local history, and politics. For example, they study the ecology of the northern forest and plant life, then investigate the effects of logging and the introduction of tourism, thus exploring how to balance the economic needs of the local inhabitants and the demands of the extensive tourism industry with the preservation of important wilderness areas.
It is also important that all students are exposed to fundamental ethical issues of professional behavior, such as plagiarism, honesty in reporting data and information, conflicts of interest, fraud, and misuse of statistics. Tier 1 courses provide an ideal situation for foregrounding these issues and training students early in their undergraduate careers about the norms of professional conduct, an educational process that should continue through tier 2 and tier 3 courses as well.
Tier 2: Integrating ethics into majors courses. The second tier is aimed at students who take biology to fulfill major requirements. The main focus is the introductory biology sequence, which reaches a large number of students with varied career goals. Students should be exposed to specific bioethical issues relevant to the material each semester, and assignments such as essays, papers, and case studies may be incorporated to supplement the basic course material. In the laboratory, ethical issues regarding data collection, data manipulation and fudging, data interpretation, misuse of statistics, and improper conclusions should be addressed using the students' own data and reports. Whereas lecture time tends to be overstuffed with topics to cover, laboratories often have more flexibility to make use of time while cells incubate, a gel runs, or the enzymes react. Instructors can use this time to discuss a bioethical topic, run a debate or role play, examine a case study, or show a provocative movie or documentary. An alternative that provides extra class time is the addition of a recitation session. Other introductory science courses, such as chemistry and physics, include weekly recitation sessions for problem solving, discussion of lecture material, or collaborative workshops. Introductory biology courses could use recitation sessions to consider ethical issues in more depth. If graduate or undergraduate teaching assistants are available to lead recitations, they would benefit from training directed at enhancing their own knowledge of ethical issues and scientific integrity, and from the teaching experience itself. The systematic exposure to ethics in introductory biology courses would ensure that biology majors have a common framework and the necessary background for tier 3 ethics instruction.
An alternative approach to teaching introductory biology has been developed at Hamilton College. The Biology Department offers a one-semester introductory course ("Biology: Fundamentals and Frontiers") taught through the investigation of a focused topic. For two years, the course topic was the "green revolution." Box 1 outlines the teaching strategies for the course, illustrates how the normal content of introductory biology was covered using the organizing influence of the core topic, and shows how this organization allowed bioethical issues to emerge. During the first few weeks of the course, students completed a field and laboratory study on the diversity of plant and animal life in four locations: an old forest, a new forest, a field treated with Roundup herbicide, and an organically farmed field. Students recorded plant diversity and collected samples for microfauna and soil analysis. In subsequent weeks, they analyzed the diversity of microarthropods, investigated the presence and level of nitrogen cycle bacteria, and obtained data on the organic, inorganic, and water content of the soil samples. All data were pooled and analyzed by the students. Field sampling, biodiversity analysis, and microbial growth are all labs that could be part of any introductory biology course, but in this case they were integrated into the overall theme "The Green Revolution." Comparison of the biodiversity of the different samples demonstrated to students the effects of agricultural practices on the land and required them to consider the consequences and desirability of recent agriculture (e.g., Roundup Ready corn, which is genetically modified for herbicide tolerance).
In a later section of the course, on recombinant DNA technology and the next green revolution, we worked through the textbook section on recombinant DNA, with typical accompanying labs (isolation of plasmid DNA, restriction digest, fragment identification, bioinformatics), and had students debate topics related to recombinant DNA technologies (box 1). Debating these topics during breaks in the labs forced students to consider the global implications of applying this technology. Once they recognized the diversity of opinions found even among their peers, they were forced to reevaluate their own positions more critically. This encouraged them to develop a more sophisticated understanding of the problem on many levels-scientific, social, and moral. One particular point of focus was the introduction of Bt (Bacillus thuringiensis) toxin into plants to make them resistant to insects, a methodology pursued extensively by agribusiness. We discussed the benefits and potential pitfalls of introducing genetically modified plants into the field and surrounding environment, and the economic concerns arising from big multinational corporations controlling a large percentage of the seed for important food crops. We then considered alternative scientific approaches (e.g., using crosses between high-yielding agricultural varieties and wild relatives of the commercial crop to search for alleles within the crop's own gene pool that confer desirable traits). This methodological approach is being used by scientists in the public sector working on the molecular genetics of rice. Discussion of how different research strategies, based on different underlying philosophies, can actually lead to different biological questions being posed and solved illustrates to students how the framing of research questions is fundamental to the content of biology.
We recommend developing new courses that address bioethics, building on the introductory biology sequence. A leading example is the course "Contemporary Biology in Human Affairs," offered at the University of Arizona, which fulfills a collegewide writing requirement and engages students in critical examination of bioethical issues (Lindell and Milczarek 1997) . Approximately 85 percent of the students in the course are science majors, but the popular course also draws a significant number of students who are not science majors but meet the prerequisite of two semesters of biology.
Tier 3: Developing specialized knowledge in ethics. The third tier is directed at upper-level undergraduates in courses that have different goals and thus different ethical contents. These students, who have completed tier 1 and tier 2 courses, should be able to examine ethical topics critically and to relate their knowledge of biology and ethical theory effectively to a wide range of issues. Senior capstone courses, seminars, research experiences for majors, and courses on teaching methods for education students are examples of tier 3 courses found at most institutions.
Senior seminars and capstone courses. Instructors could incorporate ethical components into research papers that students could present in a poster, lecture, or debate within the department or before the larger campus community, thereby enhancing the education of others on such matters. An extension of this pedagogy is to require students to organize an extracurricular event. Several years ago, participants in a molecular genetics seminar taught by one of the authors (J. M. G.) arranged a panel discussion entitled "Race and the A new introductory biology course at Hamilton College, "Biology: Fundamentals and Frontiers," is taught through the investigation of a specialized topic. For example, study of the green revolution in agriculture allowed us to incorporate questions from most of the major areas of biology:
• Population biology: How has it been possible to increase food production faster than the rate of increase of the human population?
• Ecology and diversity of life: How have modern agricultural practices changed the structure and function of natural ecosystems?
• Cell biology and genetics: How does artificial selection work on genetic material to achieve high-yielding varieties of crops? Strategies used in teaching the course included laboratories, small-group workshops, open-book examinations, and position papers.
• Laboratories: Course content was organized to integrate investigative laboratories into the core of the course. Lectures, workshops, and discussions were used to prepare for, and later to consolidate, the principles learned by doing three major laboratory projects:
(1) the impact of agriculture on ecosystem biodiversity, (2) the effect of soil fertility on plant and herbivore performance, and (3) the impact of biotechnology.
• Small-group workshops: Much of the content was taught through small-group workshops in which the students collectively solved problems. Students worked in one group in laboratories and workshops for a section of the semester.
• Open-book examinations: Students were tested on their understanding of the course material through three equally weighted, open-book examinations. The questions were similar in format to problems the students had already solved in the group workshops.
• Position papers: Students developed a deeper understanding of the effect of green revolution science on society by writing two position papers, one on the environmental effects of the extensive use of high-yielding hybrid crops and the other on an aspect of the use of genetically modified organisms (GMOs) in agriculture. Students gave oral presentations on their position in each case. The second presentation was structured as a formal debate on one of three propositions: (1) that genetically modified crops should be banned, because their long-term effect on the environment is too uncertain; (2) that all food containing genetically modified ingredients should be clearly labeled, because a person has the right to be "GMO-free"; and (3) that corporations have the right to profit from GMOs they develop, regardless of the original source of the organism.
Box 1. Introductory Biology-The Green Revolution.
Human Genome Project." The students were solely responsible for finding, inviting, and hosting three speakers. All the students were very enthusiastic about the assignment, read extensively to prepare for the panel, and were highly praised for their initiative by the guests. Obviously, a panel of outside speakers can be quite an expensive undertaking; less costly alternative assignments would include a series of "biology and society" articles prepared for the student newspaper, or a public debate, presented by students, to which a local politician or regulator is invited. In this and other courses taught by the same author (J. M. G.), giving one such assignment per semester did not detract from the seminar's content. Students at any given time have only a limited capacity for factual content, and this capacity is generally exceeded in a collegelevel course. Requiring them to organize a public presentation of science-related material enables them to use different skills and seems to energize rather than overwork them. An important additional benefit from this approach is that students with different skills, not normally rewarded in science courses, are given the chance to excel and emerge as leaders. This can do a great deal to strengthen the confidence of nontraditional students, who return to school with skills and knowledge gained from adult life. Undergraduate research. Students aiming to become scientists can benefit greatly from advanced training in professional conduct, and college departments should develop guidelines that will enable student laboratory researchers to attain the necessary education in research ethics and scientific integrity. All research students should be required to read and discuss a guide such as On Being a Scientist (NAS 1995) or A Guide to Research Ethics (University of Minnesota 2003) and should gain further systematic training in scientific integrity and research ethics through one or more of the following: mentor-mentee meetings, research group meetings, weekly lunch meetings, or seminars for research students. One way to institutionalize this training is to require all research students in the department to register for a regularly scheduled research seminar. Students should also be required to sign a code of scientific conduct that outlines their responsibilities and expected conduct. Many professional organizations and governmental agencies have such codes, which can be readily adapted to the individual department or institution.
Courses in teaching methods. The National Science Education Standards (NRC 1996) call for changes in the way K-12 science is taught, indicating that there should be more emphasis on engaging students in the inquiry process, in discussion and debate, and in understanding the applications and outcomes of scientific knowledge. Future K-12 science teachers should be targeted through courses on teaching methods that incorporate a variety of effective methods (Jennings et al. 1991 , Goldfarb and Pritchard 2000 , Johansen and Harris 2000 , such as structured controversy and the use of case studies, which lend themselves well to teaching about ethical issues and give future K-12 teachers firsthand experience with these methods. Inclusion of bioethical issues in courses on teaching methods provides opportunities for future teachers to develop materials for use in their classrooms that can contribute to transforming biology education at the precollege level. The Tuskegee Syphilis Study (Fourtner et al. 1994 , Jennings et al. 2003 ) is a well-developed case rich in diverse ethical issues, many of which may be related to current public health concerns. Fourtner and colleagues' (1994) case study on the Tuskegee syphilis experiment provides guidelines for using the case study method and avoiding pitfalls inherent to class discussion, fosters understanding of and respect for diverse ideas, enables students to clarify their own ideas, and serves as a model for prospective teachers to develop other case studies to integrate into the required curriculum.
Developing curricular resources and faculty support
To improve undergraduate education in ethics, strong faculty and institutional commitment to reform is needed across the curriculum. This commitment should extend to the inclusion of ethical issues in textbooks and other teaching resources.
Undergraduate biology textbooks. We assessed the ethics content of the main text, supplementary sections, and endof-chapter questions in undergraduate biology textbooks. Many biology texts present topics that have ethical implications, but the material was considered ethics content only if there was some description of those implications. When ethical issues were mentioned, there was usually a very brief description that did not give the reader enough information to perform a critical analysis or to understand the assumptions, ramifications, and philosophical underpinnings involved. Few of the textbooks for biology majors incorporated bioethical issues into their main text, but some provided supplemental information on bioethical issues in half-page to one-page theme boxes or as Web content. Out of 13 leading introductory and upper-level texts, 4 did not include ethics at all, 6 had 0.8 to 2.5 percent ethics content, 2 had 4.8 percent, and 1 (an ecology text) had 11.0 percent. Textbooks for nonmajors tended to introduce more bioethical topics, but typically without providing much detail or references for further study. Although students would have exposure to examples of bioethical issues, without a more in-depth consideration of ethical theory or a more complete description of the issues involved, they would be ill equipped to bring these issues into focus and move beyond a bandying about of opinions. A mere awareness of bioethical issues does little to enable students' understanding of these issues.
In a survey of genetics instructors, 35 percent reported using textbooks that incorporated ethics directly in the main body of the text (Booth and Garrett forthcoming), and 34 percent used textbooks that placed these issues in sections aside from the main body of material. It is evident from our examination of textbooks that there is wide qualitative and quantitative variation in the type and amount of ethics content, even within a given subject area. The genetics textbooks examined here, for example, ranged from 0 to 2.5 percent ethics content, presented in short, isolated "genetics and society" essays. It was particularly striking that some texts had little or no mention of ethical issues, even when their subject was replete with opportunities to discuss ethics. We believe there is a strong need for textbook revision in this area.
Other ethics resources. The availability of integrated textbook-and media-based instructional materials should be improved, and there is a need for expanded Web resources (box 2). A good example of a textbook that provides Webbased support materials, including bioethical issues, is Scott Gilbert's Developmental Biology (2003) . The accompanying Web site, "DevBio: A Companion to Developmental Biology, Seventh Edition" (www.devbio.com), contains many articles on ethical issues arising from topics in the main text. It would be very beneficial to college faculty if resources such as these were generally available with textbooks in every area, including introductory biology. Lindell and Milczarek (1997) found that many science faculty lack formal training in ethical theory and do not feel prepared to address ethical issues in their courses. Moreover, the methods of teaching ethics differ from the methods these instructors are accustomed to using in science courses. Faculty may find the methods of ethical decisionmaking described by Johansen and Harris (2000) useful in teaching bioethics. Other resources are the oneweek, intensive summer courses in bioethics at Georgetown University's Kennedy Institute of Ethics; the summer bioethics institute at the University of Minnesota's Center for Bioethics; the Human Genome Institute at Vassar; and various offerings at the Hastings Center. "Ethics in the Science Classroom," a series of NSF-funded institutes for faculty professional development held at Stony Brook University, included case studies and lectures to engage faculty in curriculum development and classroom implementation of ethics (Goldfarb 1996) , culminating in an instruction manual available on the Web site of the Center for the Study of Ethics in Society at Western Michigan University (Goldfarb and Pritchard 2000) . Workshops on ethics in the science classroom, inspired by and modeled after the Stony Brook courses, are also offered at the Northwest Association for Biomedical Research (Lundmark 2002) , and several other institutions offer workshops, courses, and seminars. Where appropriate, faculty from other departments, such as philosophy, may be an excellent resource for biology departments seeking to integrate ethics into their programs.
Conclusions
The AAAS recommends that "educational curricula in the discipline should include an ethics component" (DuMez 2000) , and the National Academies urge universities to integrate ethics education into the curriculum and to instruct students about good research practices (Zurer 1994) . The incorporation of ethics not only enriches the content of biology as students become aware of the relevance that biological knowledge has for many issues of importance to society, it also enables students to become better scientists. 
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